The standardized ileal digestible isoleucine-to-lysine requirement ratio may be less
ABSTRACT: Most studies concerning the Ile requirement in pigs have been carried out using blood products as a protein source, and these have a relatively low Ile content relative to the other branched-chain AA (BCAA). There are indications that an excess supply of one BCAA can affect the utilization of the other BCAA. Little information is available concerning the Ile requirement in pigs when the supply of the other BCAA is moderate (e.g., in cereal-and soybean mealbased diets). The objective of the present study was to evaluate the response of piglets to Ile supplementation under different nutritional conditions. In all experiments, piglets were housed individually and had ad libitum access to feed during a 3-wk period. The first experiment was carried out to study the response of piglets to an increasing Ile supply by using 2 sources of l-Ile differing in degree of purity. Piglets received either a control diet with 48% standardized ileal digestible (SID) Ile:Lys or 1 of 4 other diets containing graded levels of either source of l-Ile to provide 52 or 56% SID Ile:Lys. All diets were formulated to provide 1.00% SID Lys in the diet. Feed intake and growth were not affected by Ile level or Ile source. Experiment 2 was performed to exclude a possible interaction between Ile and Lys supply. In a 2 × 2 factorial arrangement, 2 levels of Lys (1.00 and 1.15% SID Lys) and 2 levels of Ile (48 and 60% SID Ile:Lys) were used. Growth and G:F were 8 and 7% greater in piglets receiving the diet with the greater Lys content, but the Ile:Lys did not affect performance. No interactions were observed between the Lys and Ile supplies. In Exp. 3, a 2 × 2 factorial arrangement was used to test the effect of protein source (spray-dried blood cells or corn gluten meal) and Ile supply (50 or 65% SID Ile:Lys) on performance in piglets. Both protein sources had an elevated BCAA content but differed in Leu and Val contents. Protein source or Ile supply did not affect feed intake, growth, or G:F in the piglets. Plasma concentrations after an overnight fast reflected the difference in AA concentrations of the diets. In conclusion, the results of these experiments indicate that the SID Ile:Lys requirement may be not greater than 50% in piglets receiving cerealand soybean meal-based diets with a moderate BCAA content. In contrast to other studies, we could not confirm that the Ile requirement was affected by BCAA content of the diet.
INTRODUCTION
Providing a balanced supply of AA to animals limits the deamination of AA given in excess, and thus the excretion of N by the animal. The availability of crystalline AA, such as l-Lys, dl-Met, l-Thr, and l-Trp, allows the CP content of the diet to be reduced, and the requirement for the next-limiting AA determines the extent to which the CP level can be reduced. The branched-chain AA (BCAA) Val and Ile are often considered to be the next-limiting AA for growing pigs (Mavromichalis et al., 1998; Figueroa et al., 2003) . Current recommendations for the Ile and Val requirements for growth (relative to Lys) are, respectively, 54 and 68% (NRC, 1998), 60 and 70% (Henry, 1993) , and 58 and 70% (British Society of Animal Science, 2003) .
The present study is part of a project to determine the Val and Ile requirements in piglets, and results concerning the Val requirement have been reported previously (Barea et al., 2009) . Many experiments focusing on the Ile requirement use spray-dried blood cells (SDBC), a product rich in Lys, Val, and Leu, but deficient in Ile. There are indications that an imbalanced supply of BCAA increases the Ile requirement (Dean et al., 2005) . The first steps of BCAA catabolism are catalyzed by enzymes common to the 3 BCAA , and an excess supply of one BCAA may stimulate the catabolism of the other BCAA. Little information is available concerning the Ile requirement in pigs when the supply of the other BCAA is moderate, as with diets based on cereals and soybean meal. In recent studies with piglets, Lordelo et al. (2008) and Barea et al. (2009) used such diets with reduced standardized ileal digestible (SID) Ile and Val contents (<50% SID Ile:Lys and <60% SID Val:Lys). Supplementing these diets with l-Ile did not result in improved growth, whereas supplementation with l-Val did. The objective of this study was to further investigate the Ile requirement in piglets in interaction with the supply of other AA.
MATERIALS AND METHODS
Experimental procedures and animal care were carried out according to current French legislation. Certificates authorizing animal experimentation were provided by the French Ministry of Agriculture to Ludovic Brossard and Jacob van Milgen.
Experimental Design and Diets
Methods were similar for all experiments and have been described in detail by Barea et al. (2009) . Briefly, 7 d after weaning (i.e., at 35 d of age), 15 or 16 blocks of Piétrain × (Large White × Landrace) barrows and gilts were established based on sex, BW, and origin (siblings or half-siblings). Piglets were housed individually in cages and continued to receive the same commercial starter diet they had received since weaning. Between 10 and 12 d postweaning, the starter diet was gradually replaced by the experimental diets so that from 13 d postweaning onward, piglets received the experimental diets only. Experimental diets were produced separately as 500-kg batches at the INRA feed production plant in St-Gilles, France.
Experiments began 15 d postweaning (average initial BW = 12 kg) and lasted 21 d. The temperature was decreased progressively from 27°C during the adaptation week to 24°C during the last week of the experiment. At the beginning and end of the experimental periods, piglets were weighed after an overnight fast. Piglets were also weighed weekly without an overnight fast to detect possible anomalies in growth. During all experiments, pigs had ad libitum access to feed, and refusals were collected at least once per week. Feed samples were taken weekly to determine the DM content and to obtain a representative pooled sample of the distributed feed. Water was available through low-pressure nipple drinkers.
The first experiment was designed to test the feed intake and growth response to an increasing supply of Ile provided by 2 sources of l-Ile differing in degree of purity. A total of 75 pigs were offered 1 of 5 diets (Table  1) . Diet A was formulated to contain 48% SID Ile:Lys and did not include l-Ile. Diets B through E contained 1 of the 2 sources of Ile at 2 different levels to provide 52 or 56% SID Ile:Lys. The 2 sources of Ile differed in degree of purity and provided 93.8% l-Ile for feed-grade Ile and >99.0% l-Ile for pharmaceutical-grade Ile. Both sources were incorporated at levels to ensure the same l-Ile supply and were added to the diets by substitution for the cereals. Diets were formulated to contain 1.00% SID Lys, which was below the Lys requirement for these piglets (Barea et al., 2009) . With Lys being the next-limiting AA after Ile in these piglets, the Ile requirement could be expressed relative to Lys. The supply of AA other than Ile and Lys met or exceeded current French recommendations (Henry, 1993; Sève and Le Floc'h, 1998) .
In a previous experiment (Barea et al., 2009 ), we did not observe a difference in feed intake or growth in piglets given diets providing 50 or 60% SID Ile:Lys and with 1.0% SID Lys. To exclude a possible interaction between Ile and Lys, Exp. 2 was carried out in a 2 × 2 factorial arrangement of Ile and Lys supplies. A total of 64 barrows and gilts were offered 1 of 4 experimental diets providing 2 levels of Lys (1.00 and 1.15% SID Lys in the diet) combined with 2 levels of Ile (48 and 60% SID Ile:Lys). Diets with 1.00 and 1.15% SID Lys (and 48% SID Ile:Lys) were formulated separately (Table 1) , whereas the other 2 diets were created by supplementation with pharmaceutical-grade l-Ile. The supply of AA other than Ile and Lys met or exceeded recommendations (Henry, 1993; Sève and Le Floc'h, 1998) .
The objective of the third experiment was to test the hypothesis that an excessive supply of BCAA would change the Ile requirement. In a 2 × 2 factorial design, 2 protein sources [SDBC and corn gluten meal (CGM)] were used in combination with 2 levels of Ile (50 and 65% SID Ile:Lys). The 2 protein sources had different protein contents and AA profiles. The CGM contained 62.1% CP, 1.0% Lys, 2.6% Ile, 2.0% Val, and 10.7% Leu, whereas the SDBC contained 95.9% CP, 8.2% Lys, 0.6% Ile, 8.6% Val, and 12.8% Leu (analyzed values). The CGM was thus rich in Leu compared with Val and Ile, whereas SDBC was rich in Val and Leu compared with Ile. Diets A (CGM) and C (SDBC) were formulated to include a maximum of BCAA while maintaining an SID Ile:Lys of 50% combined with 1.0% SID Lys. For diet A (CGM), the His supply was slightly less than the recommended level of 32% SID. The supply of BCAA was increased for all diets (SID BCAA:Lys >300). For diets B and D, l-Ile was supplemented by replacing the cereal mixture by l-Ile so that the SID Ile:Lys was 65%. At the end of the experiment, blood samples were collected from 8 of the 16 blocks of pigs used (32 animals) to determine concentrations of plasma branched-chain keto-acids (BCKA) originating from the transamination of BCAA. Blood was collected after an overnight fast from the anterior vena cava into 10-mL heparinized tubes (150 USP heparin, Terumo Europe N.V., Leuven, Belgium). Samples were centrifuged (3,000 × g at 4°C for 10 min) and plasma was collected and frozen (−20°C) until analysis could be completed.
Chemical Analyses
The DM, ash, crude fat, and crude fiber contents of feed samples were determined by standard procedures (AOAC, 1990). Feed samples were also analyzed for 1 Other diets were created by replacing part of the cereal mixture of the basal diet with l-Ile. 2 Supplied per kilogram of diet (as-fed basis): vitamin A, 10,000 IU; vitamin D 3 , 2,000 IU; vitamin E, 20 mg; vitamin K 3 , 2 mg; thiamine, 2 mg; riboflavin, 5 mg; niacin, 20 mg; pantothenic acid, 10 mg; pyridoxine, 5 mg; biotin, 0.2 mg; folic acid, 1 mg; vitamin B 12 , 0.03 mg; choline chloride, 600 mg; ascorbic acid, 40 mg; Fe, 100 mg; Cu, 20 mg; Zn, 100 mg; Mn, 40 mg; I, 0.6 mg; Se, 0.3 mg; Co, 1 mg.
3 Adjusted for 87.3% DM. 4 Values for ME and NE were calculated according to the method of Noblet et al. (1994) . 5 Standardized ileal digestible Lys, calculated from analyzed Lys and the digestibility of feed ingredients (Sauvant et al., 2004) .
N by the Dumas procedure (Leco 3000, Leco Corp., St Joseph, MI), gross energy (adiabatic bomb calorimeter, IKA C5000, IKA, Staufen, Germany), NDF and ADF (Ankom 2000 Fiber Analyzer, Ankom Technology, Macedon, NY), and ADL (Van Soest and Wine, 1967) . The AA content in the diets was determined by the Ajinomoto Eurolysine s.a.s. laboratory in Amiens (France) by a JLC-500/V AminoTac Amino Acid Analyzer (Jeol, Croissy-sur-Seine, France) after hydrolysis with 6 N HCl at 110°C for 23 h under reflux. The Cys and Met contents were obtained after performic oxidation before hydrolysis. The Trp content was determined after hydrolysis at 120°C for 16 h with barium hydroxide and separation by reverse-phase HPLC and fluorometric detection. Plasma AA concentrations were determined at the INRA laboratory by ion-exchange chromatography (Biotronik LC 5001, Biotronik, Pusheim Bahnhof, Germany) after deproteinization with a sulfosalicylic acid solution. Norvaline was used as an internal standard. A separate run was performed to analyze free Trp by reverse-phase HPLC and fluorometric detection.
Plasma BCKA concentrations [α-ketoisocaproate (KIC), α-ketoisovalerate (KIV), and α-keto-β-methylvalerate (KMV) originating from the transamination of Leu, Val, and Ile, respectively] were detected by monitoring fluorescence emission after quinoxalinol derivation by HPLC (Pailla et al., 2000) .
Statistical Analyses
Because feed intake and growth were measured in all pigs, the individual pig was used as the experimental unit. Data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC) with block as a random effect. In Exp. 1, diet was used as a main effect. In the experiments with a factorial design, the interactions between Lys and Ile (Exp. 2) and protein source and Ile (Exp. 3) were included in the model in addition to the main effects.
RESULTS
No apparent signs of serious illness or discomfort were observed during the experiments. Occasional cases of diarrhea occurred, and piglets were then treated with colistin sulfate (CEVA Santé Animale, Libourne, France), sulfamethoxazole-trimethoprim (Vétiquinol S.A., Lure, France), or both. In Exp. 1, results from 1 piglet receiving diet D were excluded from the analysis because of an erroneous registration of BW. In Exp. 3, results from 4 piglets in the same block were removed from the analyses because of persistent diarrhea during the last week (piglets from each block were housed in adjacent cages).
In Exp. 1, little or no response was observed because of the increase in Ile supply (Table 2) . Although no effect was observed concerning ADFI or ADG, the G:F tended to be greater for the intermediate level of Ile supply (P = 0.06). Because of the lack of effect of Ile on performance, no further statistical analysis (e.g., sloperatio analysis) was realized and the bioequivalence of both sources of Ile could not be determined.
In Exp. 2, the Ile or Lys content of the diet did not affect the ADFI (Table 3 ). The SID Ile:Lys content did not affect ADG or G:F. On the other hand, increasing the SID Lys content from 1.00 to 1.15% increased ADG and G:F by 8 and 7%, respectively (P < 0.05). For ADFI and ADG, there was no interaction between Ile and Lys, whereas for G:F there was a tendency for an Ile × Lys interaction (P = 0.09).
In Exp. 3, there were no effects of protein source or Ile level on ADFI, ADG, or G:F (Table 4) . Piglets receiving the diet with SDBC and 65% SID Ile:Lys tended to have a greater ADFI (P = 0.09). After an overnight fast, increasing the Ile supply resulted in an increase in plasma concentrations of Gln, Ile, and Val and a decrease in concentrations of Asp, 3-methylhistidine, and taurine. Plasma concentrations of Glu, Ile, and Leu were greater in piglets receiving CGM compared with those receiving SDBC. Concentrations of Arg, His, Met, 3-methylhistidine, Phe, taurine, Thr, and Val were less in piglets receiving CGM. Supplementing diets with l-Ile resulted in an increase in plasma Ile concentration of approximately 20%. In addition, plasma Gln, 3-methylhistidine, taurine, and Val concentrations were affected by Ile supplementation, but to a lesser extent. There were some interactions between protein source and Ile supply in the presence of a main effect (Glu and taurine) or in the absence of a main effect (citrulline, 1-methylhistidine, Ser, and Tyr). The plasma concentration of KIV was less (P < 0.001) in piglets fed diets containing CGM compared with those fed diets containing SDBC. The plasma concentrations between the 3 keto-acids were positively correlated (r = 0.56 between KIV and KIC, r = 0.76 between KIV and KMV, and r = 0.79 between KIC and KMV). The plasma concentration of KIV was positively correlated with that of Val (r = 0.58), whereas the correlations of KMV and KIC with their respective BCAA were weak (r < 0.15).
A compilation of literature data concerning the Ile requirement for piglets is given in Table 5 , sorted by year of publication. In all these studies, Ile was supplied at different levels so that the Ile requirement could (potentially) be estimated. Because of different experimental conditions, different modes of expression were used by the authors to report the Ile requirement. To compare results between studies, all requirement values were expressed relative to those reported by the NRC (1998). It appears that all studies reporting an Ile requirement greater than 100% of the NRC value used blood products (meal, plasma, or cells). The smaller values were obtained either in older experiments or in experiments using diets based on cereals and soybean meal.
DISCUSSION
The reduction in CP content of the diets combined with the use of crystalline AA implies that more AA can potentially become limiting, and Ile and Val appear to be among the next-limiting AA. The AA profile in which all AA are equally limiting is referred to as "ideal protein." This concept was developed by researchers at the University of Illinois in the late 1950s and early 1960s and corresponds to the combined requirement for maintenance and growth. The difference between the ideal AA profile and the body AA composition depends on the efficiency with which AA can be used and the relative contribution of AA to the maintenance requirement. The Ile, Val, and Leu contents (relative to Lys) in whole-body protein are 49, 69, and 108%, respectively (Mahan and Shields, 1998) . For Ile, this value is less than the recommendations given by different authors (Henry, 1993; NRC, 1998; British Society of Animal Science, 2003) . It is possible that the Ile requirement for maintenance is greater than that for the other BCAA, but for most AA the maintenance requirement is small compared with the requirement for protein deposition. Moreover, it is not very likely that the difference between the AA composition of whole-body protein and AA requirements is due to a difference in metabolic efficiency between the 3 BCAA because the first 2 steps of catabolism (the second of which is irreversible) are catalyzed by enzymes common to the 3 BCAA.
In the first 2 experiments, diets were formulated to provide low levels of Ile combined with moderate levels of Val and Leu. The least levels of Ile provided 46% SID Ile:Lys (based on measurement of AA contents and calculated ileal digestibility), and supplementation of these diets with l-Ile did not result in an improvement in ADFI or ADG. In a previous experiment (Barea et al., 2009 ), we did not observe an effect when a diet with 50% SID Ile:Lys was supplemented with l-Ile. In addition, Lordelo et al. (2008) observed that supplementing a low-CP cereal-and soybean meal-based diet (50% total Ile:Lys) with l-Ile alone did not improve performance in piglets. Supplementing this diet with l-Val alone or in combination with l-Ile resulted in improved feed intake and growth. Similar observations were made by Figueroa et al. (2003) in piglets and by Dean et al. (2005) in 80-to 120-kg pigs. All these experiments used low-CP diets based on cereals and soybean meal and supplemented with crystalline AA. In a recent study using corn gluten feed as the main source of protein, Wiltafsky et al. (2009) observed an increase in ADFI and ADG in piglets when the Ile supply increased up to 53% SID Ile:Lys. Apart from this last study, we are not aware of reports in which a clear response to l-Ile supplementation was observed when diets provided moderate levels of Val and Leu. This means that (under these conditions) the Ile:Lys requirement remains unknown and may be less than what is currently recommended.
There are doubts regarding whether an imbalanced supply of BCAA increases the Ile requirement because Corresponding to testing the effect of the diet.
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of BCAA antagonism (Dean et al., 2005 ). An excessive supply of one BCAA may stimulate BCAA-degrading enzymes (i.e., BCAA aminotransferase and BCKA dehydrogenase), resulting in the degradation of the other 2 BCAA (Harper et al., 1984) . The interactions between BCAA appear to depend on the supply of each BCAA. observed that an excess supply of Leu affected N utilization in pigs receiving an Ile-limiting diet, but not in those receiving a Val-limiting diet. In contrast, in experiments with young chicks, D'Mello and Lewis (1970) concluded that the Leu-Val interaction was more potent than the LeuIle interaction. In Exp. 3, supplementing diets with a greater Leu (CGM) or greater Leu and Val (SDBC) content with l-Ile did not result in a change in ADFI or ADG. This may be interpreted to mean that l-Ile supplementation failed to increase performance (e.g., because a factor other than Ile or Lys limited performance), but also that reducing the Ile supply did not reduce performance (i.e., because Ile was not a limiting AA in these diets). A comparison of performance across experiments did not allow us to distinguish between the 2 interpretations. In Exp. 3, the ADFI and ADG (across treatments) were, respectively, 15 and 11% less compared with those observed in Exp. 1, but were very similar to those of piglets receiving 1.0% SID Lys in Exp 2. In most experiments in which a clear response to Ile supplementation was observed, the difference in performance between the negative control and supplemented diets was at least 30%. It is therefore more likely that the absence of a response in Exp. 3 should be interpreted as a lack of response to a reduced Ile supply, and not as a lack of response to Ile supplementation. Feeding SDBC-based diets with a low Ile content resulted in an important reduction in performance in pigs. Kerr et al. (2004) fed diets containing 7.5% SDBC to piglets and growing pigs and observed that the ADFI and ADG were 36 to 80% less in piglets receiving diets without l-Ile supplementation compared with those receiving supplemented diets. In addition, others observed important reductions in ADFI and ADG when diets with SDBC were not supplemented with l-Ile (Parr et al., 2003 Dean et al., 2005) . One of the differences between our study and those of others is the Trp content of the diet. Tryptophan shares with other large neutral AA (LNAA) a common transport system for entry into the brain. Tryptophan is a precursor for serotonin and a small Trp:LNAA affects the serotonin concentration in the hypothalamus and reduces voluntary feed intake (Henry et al., 1992 (Henry et al., , 1996 . It is for this reason that Henry (1993) recommended maintaining a Trp:LNAA of at least 4%. At first sight, it seems unlikely that Trp could play a role in the reduced feed intake with diets containing SDBC. By supplementing diets with l-Ile, the Trp:LNAA would be reduced even further, and one would thus anticipate an even further reduction in feed intake. However, the competition between Trp and LNAA occurs at the blood (or brain) level. Because the irreversible step in BCAA catabolism is catalyzed by the same enzyme complex for the 3 BCKA, it may be possible that supplementing l-Ile allows the catabolism of all 3 BCAA, thereby reducing the blood Trp:LNAA.
In Exp. 3, blood samples were taken after the growth experiment had finished (i.e., after a 14-h fasting period). This was done to avoid disturbing the piglets too much during the growth trial. Because of the fasting state, these AA profiles may be different from those in the fed state. Nevertheless, the plasma AA concentrations after an overnight fast seemed to reflect the AA content in the diet, and AA that were present at greater concentrations in SDBC compared with CGM (i.e., Arg, His, Phe, and Val) were also more abundant in plasma after a 14-h fast.
Plasma AA concentrations and plasma urea nitrogen have been used as additional criteria to evaluate AA requirements. When the supply of Ile exceeds the requirement, the plasma concentration of Ile typically increases, whereas the concentration of other essential AA decreases or does not change (Henry et al., 1976; Wiltafsky et al., 2009) . In the present study, not only did the plasma concentration of Ile increase with increasing Ile supply, but the Val concentration also in- (Sauvant et al., 2004), diets A, B, C, and D contained, respectively, 46, 58, 47, and 58% SID Ile:Lys, and 0.95, 1.10, 0.94 , and 1.10% SID Lys. Results for 4 piglets from 1 block were excluded from the analysis because of persistent diarrhea in the last week.
3 RSD = residual SD; n = 60 for intake and performance data, and n = 32 for plasma concentration data (1 pig per pen).
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Measured after an overnight fast.
6 BCKA = branched-chain keto-acids; KIV = α-ketoisovaleric acid; KMV = α-keto-β-methyl-n-valeric acid; KIC = α-ketoisocaproic acid, which are the keto-acids from Val, Ile, and Leu, respectively. Brinegar et al. (1950) Bergström et al. (1996a) creased. The difference in the response of Val to Ile supplementation between our study and those of others may be due to the metabolic state of the animal. In the fed state, the plasma Val concentration may decrease with increasing Ile supply because of the increased protein deposition. If the Ile-sparing mechanisms still exist during fasting (e.g., by downregulating BCKA dehydrogenase), the concentration of BCAA would increase during fasting because of the release of AA from tissue protein breakdown. A similar increase in plasma BCAA concentration during fasting was observed by Barea et al. (2009) after supplementing Val to a Vallimiting diet.
In conclusion, our data suggest that the SID Ile:Lys requirement may be not greater than 50% in diets with cereals and soybean meal providing a moderate supply of BCAA. In addition, we could not confirm reports by others that diets providing large quantities of BCAA (as with CGM or SDBC) resulted in reduced feed intake and growth.
